Diabetes appears when β-cell mass is insufficient to maintain normal glucose homeostasis. Therefore, deciphering the molecular mechanisms that induce β-cell expansion can be of great value for therapeutic approaches aimed at increasing β-cell mass in diabetes. Atypical protein kinase C (PKC)-ζ, a relatively novel downstream target of phosphatidylinositol (PI) 3-kinase--phosphoinositide-dependent kinase-1 (PDK-1) in β-cells, is critical for mitogenic signal transduction in a variety of cell types, including fibroblasts, glial cells, and oocytes ([@B1],[@B2]). PKC-ζ is expressed in insulinoma cells, as well as in rodent and human islets, and it is phosphorylated/activated by growth factors and nutrients such as glucose and free fatty acids ([@B3]--[@B8]). Importantly, activation of PKC-ζ is required for growth factor--stimulated β-cell proliferation in vitro ([@B3],[@B4]). Furthermore, PKC-ζ overexpression enhances insulin-like growth factor-1 and insulin- and serum-induced proliferation in insulinoma cells in vitro ([@B9]). Taken together, these results highlight PKC-ζ as a critical signaling target for growth factor--mediated β-cell proliferation in vitro. Indeed, constitutively active PKC-ζ (CA-PKC-ζ) increases β-cell proliferation in insulinoma and primary mouse and human islet cells in vitro ([@B3],[@B4]). Although the intracellular targets of PKC-ζ that induce mitogenesis are being actively explored in many tissues and include the extracellular signal--regulated kinases (ERK)1/2 and -5, glycogen synthase kinase 3 (GSK-3), mammalian target of rapamycin (mTOR) and p70S6 kinase (p70S6K) ([@B10]--[@B14]), whether these targets are activated by PKC-ζ in β-cells is unknown.

Studies using a variety of PKC inhibitors have suggested that glucose-stimulated insulin secretion (GSIS) is in part dependent on atypical PKCs activation in rat islets ([@B6]). In addition, inhibition of glucose-mediated activation of PKC-ζ correlates with decreased sulphonylurea receptor 1 (SUR1), inward rectifier K^+^ channel subunit (Kir6.2), and forkhead box A2 (Foxa2) expression and diminished GSIS ([@B7]). Interestingly, it has been suggested that PKC-ζ could be involved in glucose-mediated DNA-binding activity of pancreatic and duodenal homeobox 1 (Pdx-1) to the insulin gene in MIN6 cells ([@B5]). Taken together, these in vitro studies strongly suggest that PKC-ζ activation in β-cells could lead to increased β-cell function, proliferation, and mass and improved glucose homeostasis in vivo. However, this has never been explored.

To analyze the effects of PKC-ζ activation in the β-cell in vivo, we generated transgenic (TG) mice with CA-PKC-ζ expression in the β-cell by using the rat insulin-II promoter (RIP). TG mice show increased β-cell replication, size, and mass concomitant with enhanced insulin secretion and improved glucose tolerance. These studies also uncover mTOR as a downstream key regulator of PKC-ζ effects in the β-cell. Our results clearly indicate that PKC-ζ activation could have therapeutic potential to expand β-cell mass and function for the treatment of diabetes.

RESEARCH DESIGN AND METHODS {#s5}
===========================

Generation of RIP-CA-PKC-ζ TG mice. {#s6}
-----------------------------------

TG mice were generated as previously described ([@B15]). Briefly, the RIP-CA-PKC-ζ transgene was constructed with a 1.8-kb rat CA-PKC-ζ cDNA (generously provided by Dr. Alex Toker, Harvard Medical School, Boston, MA) downstream of the RIP-II (650 bp) and upstream of untranslated SV-40 sequences containing transcriptional termination, polyadenylation, and splicing signals. CA-PKC-ζ cDNA contains the NH~2~-terminal c-src myristoylation signal along with a hemagglutinin (HA) tag at the COOH terminus for monitoring expression ([Fig. 1*A*](#F1){ref-type="fig"}). The linearized construct (5.7 kb) was microinjected into C57BL6 mouse fertilized eggs (University of Pittsburgh Transgenic Mouse Facility), and potential founders were screened by tail DNA PCR using primers for exons 1 and 3 of PKC-ζ sequences ([Supplementary Table 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db10-1783/-/DC1)) ([@B16]). For the rapamycin treatment studies, 0.5 mg/kg per day rapamycin (LC Laboratories, Woburn, MA) or the same volume of vehicle (0.4% DMSO) were injected intraperitoneally for 2 weeks.

![Construction and expression of the transgene. *A*: Schematic illustration of the transgene construct. This construct contains a 650-bp segment of the promoter region of the rat insulin II gene ([@B15]) upstream of a myristoylated and constitutively activated form of PKC-ζ generated by the in-frame addition of the first nine amino acids of the p60 c-Src myristoylation sequence in the NH~2~-terminal region of PKC-ζ. We added an HA tag at the COOH terminus of PKC-ζ for monitoring expression followed by SV-40 T-antigen 3′-untranslated region sequences containing transcription termination, polyadenylation, and splicing signals at the 3′ end of the transgene. *B*: Real-time PCR analysis of PKC-ζ gene expression in total islet RNA extracted from WT and TG mouse islets isolated at 10--14 weeks of age. Results are means ± SEM of WT (*n* = 5) and TG (*n* = 5) (lines 1535 and 1528) mice. \**P* \< 0.05 vs. WT mice. *C*: Expression and phosphorylation of PKC-ζ was assessed by Western blot analysis of islet protein extracts from WT and TG mice at 10--14 weeks of age from both mouse lines (1528 and 1535). Actin was used as an internal control for loading. A representative immunoblot of three independent experiments is shown. Marked and similar increases in phospho--PKC-ζ-(T410) and total PKC-ζ were observed in both lines of TG mice. *D*: Quantification of the immunoblots in *D*. Results are means ± SEM of the ratio between phospho--PKC-ζ or PKC-ζ and actin in islets from WT (*n* = 5) and TG (*n* = 5) (lines 1535 and 1528) mice. \**P* \< 0.05 vs. WT mice. *E*: Representative images of immunofluorescent staining for HA and insulin on pancreatic sections from WT and TG mice (line 1535) at 14 weeks of age. No HA staining was observed in islets from WT mice, but intense HA staining (left) colocalized with insulin staining (right) in TG mouse pancreas sections. (A high-quality color representation of this figure is available in the online issue.)](2546fig1){#F1}

All of the studies were performed on 10- to 14-week-old mice with the approval of, and in accordance with, guidelines established by the University of Pittsburgh Animal Care and Use Committee.

Islet isolation and mRNA expression analysis. {#s7}
---------------------------------------------

Mouse islets were isolated as previously described ([@B15]). RNA (0.5--1 μg), isolated using the RNeasy micro kit (Qiagen, Valencia, CA), was reverse transcribed and the cDNA used as input for PCR using PerfeCTa SYBR Green FastMix (Quanta Biosciences, Gaithersburg, MD) and primers listed in [Supplementary Table 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db10-1783/-/DC1).

Western blot analysis. {#s8}
----------------------

Protein extracts from tissues/cells were made in freshly prepared lysis buffer (2% SDS, 100 mmol/L Tris-HCl, pH 6.8, 1 mmol/L dithiothreitol, protease inhibitor cocktail \[Roche, Mannheim, Germany\]), 20 μg/mL phenylmethylsulfonyl fluoride, and 100 µmol/L Na~3~VO~4~). Cells/tissues were sonicated, supernatants separated by centrifugation, and protein concentrations measured using the MicroBCA assay (Pierce, Rockford, IL). Proteins (20--40 μg) per sample were added to loading buffer and analyzed using 7.5--12% SDS-PAGE. Proteins were transferred from the gels to Immobilon-P membrane (Millipore, Bedford, MA) using standard techniques. Blots were blocked in 5% nonfat dry milk and then incubated with primary antibodies ([Supplementary Table 2](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db10-1783/-/DC1)). After several washes, blots were incubated with peroxidase-conjugated secondary antibodies and chemiluminescence was detected using an enhanced chemiluminescence system (Amersham Pharmacia Biotech, Piscataway, NJ) ([@B3]).

Immunohistochemistry, islet histomorphometry, and β-cell proliferation, size, and death. {#s9}
----------------------------------------------------------------------------------------

Paraffin-embedded pancreatic sections were immunostained for insulin and HA as previously described ([@B17],[@B18]). β-Cell mass and islet size and number were measured in three insulin-stained pancreas sections per mouse using ImageJ (NIH, Bethesda, MD) ([@B17]). 5-bromo-2′-deoxyuridine (BrdU) incorporation in β-cells was measured in pancreas sections of mice injected intraperitoneally with BrdU (Amersham) and killed 6 h later. Sections were stained for insulin and BrdU ([@B3]), and 1,140 ± 64 β-cells were counted in blinded fashion per section. β-Cell death was determined in pancreas sections stained for insulin and the terminal deoxynucleotidyl transferase--mediated dUTP nick-end labeling (TUNEL) method (Promega, Madison, WI) ([@B18]), and 1,334 ± 107 β-cells/section were counted as described above. β-Cell size was measured in pancreatic sections stained for Glut-2 and insulin as previously described ([@B19]), and the size of at least 300 β-cells was quantified per section using ImageJ.

Body weight, food intake, and glucose homeostasis measurements. {#s10}
---------------------------------------------------------------

Body weight and food intake were quantified as reported ([@B20]). Blood was obtained from mice in the fasting state (16--18 h) or in the random-fed state by retro-orbital bleeding as previously described ([@B17]). Blood glucose was determined using a glucometer (AlphaTRAK; Abbot, North Chicago, IL), and plasma insulin was measured by radioimmunoassay (RIA) (Linco, St. Louis, MO). Intraperitoneal glucose tolerance test (IPGTT) was performed in 16- to 18-h fasted mice injected intraperitoneally with 2 g D-glucose/kg body wt, and insulin tolerance test (ITT) was performed in random-fed mice injected intraperitoneally with 0.75 units bovine insulin/kg body wt ([@B17]). For measurement of insulin secretion in vivo, a different set of mice was fasted overnight and injected with glucose as described above. Blood was collected before and 5 min after glucose injection, and plasma insulin was measured by RIA.

GSIS and islet insulin content. {#s11}
-------------------------------

Insulin release from 10 islet equivalents (IEs) (1 IE = 125 μm diameter) was measured as previously described ([@B17]). After incubation in 5 or 22 mmol/L glucose, islets were washed, digested, and protein measured by the Bradford method. Results are expressed as the percentage of insulin secreted by wild-type (WT) islets at 5 mmol/L glucose (346 ± 46 pg insulin/µg protein/30 min). Islet insulin content was measured from isolated islets homogenized in acid/ethanol as previously described ([@B17]).

β-Cell proliferation in adenovirus-transduced INS-1 and mouse islet cells. {#s12}
--------------------------------------------------------------------------

Cells were transduced for 1 h with 100 multiplicity of infection (MOI) of adenovirus (Adv) containing the cDNA of CA-PKC-ζ (Adv-CA-PKC-ζ) or green fluorescent protein (Adv-GFP) as control, and INS-1 cell proliferation was assessed by \[^3^H\]thymidine incorporation as previously described ([@B3]). β-Cell proliferation in primary mouse islet cell cultures was assessed in cells incubated in RPMI 1640 medium with 10% FBS, 5 mmol/L D-glucose, and BrdU (1:1,000 dilution) for 48 h. Insulin and BrdU staining was performed as previously described ([@B3]), and at least 2,000 β-cells/well were counted.

Statistical analysis. {#s13}
---------------------

The data are presented as means ± SE. Statistical analysis was performed using unpaired two-tailed Student's *t* test or one-way ANOVA with Tukey post hoc test when several groups were analyzed. *P* \< 0.05 was considered statistically significant.

RESULTS {#s14}
=======

Generation of RIP-CA-PKC-ζ TG mice. {#s15}
-----------------------------------

Five founder TG mice were identified: two failed to transmit the transgene to their progeny, and one died at 4 weeks of age. Thus, two lines (1,528 and 1,535) with germ-line integration of the transgene were obtained and maintained in a C57BL6 background. PKC-ζ mRNA and protein were upregulated in islets from TG mice compared with WT littermates ([Fig. 1*B*](#F1){ref-type="fig"}--*D*). In addition, activation of PKC-ζ (Thr410 phosphorylation) was also highly and similarly increased in islets from both TG lines ([Fig. 1*C*](#F1){ref-type="fig"} and *D*). On the other hand, phospho--PKC-ζ levels in brain protein extracts from TG and WT mice were not significantly different by immunoblot (phospho--PKC-ζ--to--tubulin ratio in WT, 1.0 ± 0.20, *n* = 3; TG, 1.2 ± 0.25, *n* = 3; *P* = 0.52). We then analyzed whether the transgene was expressed in β-cells by performing HA and insulin staining in pancreatic sections from TG and WT mice. As shown in [Fig. 1*E*](#F1){ref-type="fig"}, HA was only detected in insulin-positive cells of TG mouse pancreas. Taken together, these data confirm the generation of TG mice with enhanced PKC-ζ activation in β-cells. For subsequent experiments, because of their similar levels of PKC-ζ overexpression and activation, data from the TG lines were pooled. In addition, similar numbers of male and female mice were analyzed per genotype.

TG mice display increased plasma insulin, improved glucose tolerance, and enhanced insulin secretion. {#s16}
-----------------------------------------------------------------------------------------------------

Body weight and food intake were not significantly different between TG and WT mice ([Supplementary Fig. 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db10-1783/-/DC1)). On the other hand, a significant increase in plasma insulin was observed in TG mice in both fasting and nonfasting conditions ([Fig. 2*A*](#F2){ref-type="fig"}). This correlated with significantly diminished blood glucose in fasting conditions but normal blood glucose in nonfasting conditions ([Fig. 2*B*](#F2){ref-type="fig"}), suggesting the activation of blood glucose regulatory mechanisms in the latter state. In addition, TG mice displayed improved glucose tolerance ([Fig. 2*C*](#F2){ref-type="fig"} and *D*) without alteration in insulin sensitivity ([Fig. 2*E*](#F2){ref-type="fig"}). These results suggest the possibility that TG mice have enhanced insulin secretion in vivo. Indeed, TG mice showed increased plasma insulin at baseline fasting conditions and also 5 min after glucose injection in the IPGTT experiments ([Fig. 2*F*](#F2){ref-type="fig"}). Because TG mice had improved glucose tolerance and increased insulin secretion in vivo, we next assessed whether TG mouse islets display enhanced insulin secretory function ex vivo. As shown in [Fig. 3*A*](#F3){ref-type="fig"}, TG islets under static incubation secreted significantly more insulin than WT islets at both 5 and 22 mmol/L glucose. Therefore, PKC-ζ activation in β-cells is accompanied by an improvement in β-cell function.

![Glucose homeostasis in RIP-CA-PKC-ζ mice. Plasma insulin (*A*) and blood glucose (*B*) levels in WT and TG mice at 10--14 weeks of age in nonfasting and fasting conditions. TG mice displayed hyperinsulinemia in both conditions and reduced blood glucose levels in fasting conditions. Results are means ± SEM of *n* = 15 WT and *n* = 10 TG mice. \**P* \< 0.05 vs. WT mice in the same conditions. Intraperitoneal glucose tolerance test (*C* ) and areas under the curve (AUCs) (*D*) calculated from these results in 12-week-old fasted WT (*n* = 15) and TG (*n* = 10) littermates injected intraperitoneally with 2 g glucose/kg body wt. Blood glucose levels were measured at the time points indicated. Results are means ± SEM. TG mice exhibited improved glucose tolerance, as revealed by significantly decreased blood glucose at the time points indicated and the AUC values. \**P* \< 0.05 vs. WT. *E*: Insulin tolerance test performed in nonfasting 14-week-old WT (*n* = 15) and TG mice (*n* = 10). No significant differences were found in blood glucose levels before or after insulin administration in both types of mice. Values are means ± SEM. *F*: Plasma insulin in 12- to 14-week-old fasted WT (*n* = 7) and TG (*n* = 7) littermates injected intraperitoneally with glucose (2 g/kg body wt). Blood was obtained before (basal, 0 min) and 5 min after glucose administration. Results are means ± SEM. Both at basal and 5 min after glucose administration, a significant increase in plasma insulin was observed in TG mice. \**P* \< 0.05 vs. WT at 0 and 5 min and \#*P* \< 0.05 vs. the same genotype in basal conditions. (A high-quality color representation of this figure is available in the online issue.)](2546fig2){#F2}

![Insulin secretion and expression analysis of functional markers in islets from RIP-CA-PKC-ζ mice. *A*: GSIS was performed in groups of 10 islets of similar sizes obtained from WT (*n* = 6) and TG (*n* = 6) mice and incubated for 30 min with 5 or 22 mmol/L glucose. Experiments were performed in triplicate, and insulin was measured by RIA. A significant increase in insulin secretion at 5 and 22 mmol/L glucose was observed in TG compared with WT islets. Results are means ± SEM. \**P* \< 0.05 vs. WT at the same glucose concentration and \#*P* \< 0.05 vs. the same genotype at 5 mmol/L glucose. *B*: Real-time PCR analysis using specific primers (see [Supplementary Table 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db10-1783/-/DC1)) for genes involved in insulin secretion and β-cell differentiation using total RNA extracted from islets isolated from at least *n* = 3 WT and at least *n* = 3 TG mice at 10--14 weeks of age. Mouse actin was used as a housekeeping gene. Results are means ± SEM. Only insulin mRNA expression was significantly increased in TG islets. \**P* \< 0.05 vs. WT. *C*: Islet insulin content in aliquots of 50 IE isolated from 10- to 14-week-old WT (*n* = 10) and TG (*n* = 6) mice. Islet insulin content was significantly increased in TG islets. \**P* \< 0.05 vs. WT. *D*: Expression of Glut-2, GCK, MafA, and Pdx-1 was assessed by Western blot of islet protein extracts from WT (*n* = 6) and TG (*n* = 8) mice at 10--14 weeks of age. Tubulin was used as an internal control for loading. A representative immunoblot using specific antibodies ([Supplementary Table 2](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db10-1783/-/DC1)) is shown. Significantly increased levels of GCK were observed in TG mouse islets. \**P* \< 0.05 vs. WT.](2546fig3){#F3}

PKC-ζ activation leads to increased insulin mRNA, islet insulin content, and glucokinase expression. {#s17}
----------------------------------------------------------------------------------------------------

Because β-cell function was increased in TG islets, we next analyzed the expression of genes involved in insulin secretion. We found that insulin mRNA expression was significantly increased in TG islets without alteration in Glut-2, glucokinase (GCK), Kir6.2, SUR1 ([Fig. 3*B*](#F3){ref-type="fig"}), voltage-dependent calcium channel (VDCC), syntaxin-1, or SNAP-25 mRNA (not shown). This increase in insulin mRNA translated to a significant increase in islet insulin content ([Fig. 3*C*](#F3){ref-type="fig"}). Interestingly, the expression of transcription factors involved in insulin gene expression such as Pdx-1 and MafA was normal in TG islets ([Fig. 3*B* and *D*](#F3){ref-type="fig"}), suggesting the involvement of other transcription factors or increase in DNA-binding activity of Pdx-1 or MafA as potential mechanisms involved in insulin mRNA upregulation. However, although GCK mRNA was not altered, GCK protein was significantly increased in TG islets ([Fig. 3*D*](#F3){ref-type="fig"}), suggesting that upregulation of both insulin and GCK expression could be involved in the increased insulin secretion.

Activation of PKC-ζ in β-cells increases islet size and β-cell mass. {#s18}
--------------------------------------------------------------------

To determine whether the metabolic improvement in TG mice correlated with changes in β-cell homeostasis, we measured β-cell mass in these mice. β-Cell mass was significantly increased in 12- to 14-week-old TG mice ([Fig. 4*A*](#F4){ref-type="fig"}) without changes in pancreatic weight, total islet number, or the number of small islets (single and doublet β-cells) or insulin-positive cells in ducts ([Fig. 4*B*](#F4){ref-type="fig"}--*D*). Islet size was visibly increased ([Fig. 4*E*](#F4){ref-type="fig"}), and the number of large islets (\>100 μm diameter) was almost double ([Fig. 4*F*](#F4){ref-type="fig"}) in TG mice, suggesting that the enhanced β-cell mass was due to an increase in the number of larger islets. Interestingly, β-cell mass in TG mice was not significantly enhanced at 1 week of age but was significantly increased at 6 weeks of age ([Supplementary Fig. 2*A*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db10-1783/-/DC1) and *C*), suggesting enhancement of β-cell mass at early maturity and adulthood but not at early postnatal ages.

![Pancreas and islet histomorphometry in RIP-CA-PKC-ζ mice. Histomorphometry was performed in insulin-stained pancreatic sections from 12- to 14-week-old WT (*n* = 11) and TG (*n* = 9) littermates and β-cell mass (*A*), pancreas weight (*B*), islet number per pancreatic area (*C*), and number of single and double insulin-positive cells embedded in the acinar tissue and in ductal structures per pancreatic area (*D*) were measured. β-Cell mass was significantly increased in TG mice with no alteration in pancreas weight, islet number, or small clusters of insulin-positive cells. Results are means ± SEM. \**P* \< 0.05 vs. WT. *E*: Representative microphotographs of WT and TG mouse pancreatic sections stained for insulin and counterstained with hematoxylin. TG mouse islets were increased in size compared with WT mice. *F*: Histomorphometric analysis of the islet size distribution per pancreatic area in pancreatic sections from WT and TG mice showed a significant increase in the number of islets with a diameter larger than 100 μm (larger islets) in TG mice. Results are means ± SEM and \**P* \< 0.05 vs. WT of the same islet size. (A high-quality color representation of this figure is available in the online issue.)](2546fig4){#F4}

PKC-ζ activation increases β-cell proliferation in vivo, upregulates cyclin Ds and A, and decreases p21. {#s19}
--------------------------------------------------------------------------------------------------------

Analysis of in vivo β-cell proliferation was assessed by quantifying BrdU incorporation into β-cells of WT and TG mouse pancreatic sections. TG mouse pancreata from 12- to 14-week-old mice displayed increased BrdU incorporation into β-cells ([Fig. 5*A*](#F5){ref-type="fig"}), and quantification of β-cell replication in several sections from these mice revealed a significant increase compared with WT siblings ([Fig. 5*B*](#F5){ref-type="fig"}). This increase in β-cell proliferation was already present at 1 and 6 weeks of age ([Supplementary Fig. 2](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db10-1783/-/DC1)*B* and *D*).

![β-Cell proliferation and cell cycle proteins in islets of RIP-CA-PKC-ζ mice. *A*: Representative microphotographs of insulin (green)- and BrdU (red)-stained pancreatic sections from 12- to 14-week-old WT and TG littermates. *B*: Quantification of the percentage of BrdU-positive β-cells in 12- to 14-week-old WT mice (*n* = 11) and TG (*n* = 9) littermates. BrdU incorporation in β-cells was significantly increased in TG mice compared with WT siblings. Results are means ± SEM. \**P* \< 0.05 vs. WT. *C*: Expression of G1/S cell-cycle regulators by real-time PCR from islets isolated from 12- to 14-week-old WT mice (*n* = 8) and TG (*n* = 6) littermates. PCR cycles for each gene were compared with actin used as an internal control. The graph is depicted as fold-over control, with values from WT mouse islets taken as one. Results are means ± SEM. \**P* \< 0.05 vs. WT. Western blot analysis of the G1/S cell-cycle activators (*D*) and inhibitors (*E*) from islets isolated from 12- to 14-week-old WT mice and TG littermates using actin or tubulin as the internal housekeeping protein control. *F*: Densitometric quantification of the level of these proteins in protein extracts from TG mouse islets (*n* = 8) compared with WT mice (*n* = 9). Results are means ± SEM. \**P* \< 0.05 vs. WT. (A high-quality digital representation of this figure is available in the online issue.)](2546fig5){#F5}

The proliferative capacity of β-cells decreases with age ([@B21],[@B22]). We determined whether acute activation of PKC-ζ could also increase β-cell proliferation in islet cell cultures from aged mice. As previously shown in β-cells from young mice ([@B3]), Adv-CA-PKC-ζ also significantly enhanced β-cell replication in islet cells from 1-year-old mice ([Supplementary Fig. 3](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db10-1783/-/DC1)).

Because PKC-ζ activation leads to increased β-cell proliferation, we sought to determine whether PKC-ζ alters cell cycle gene and protein expression in TG islets. Real-time PCR analysis revealed a 3- to 4-fold increase in cyclins D2 and E1 mRNA expression without significant alteration in other cell cycle genes regulating the G1/S transition (cyclins D1, D3, and A2 and cdk-2, cdk-4, p16, p18, p21, and p27) ([Fig. 5*C*](#F5){ref-type="fig"}). The increase in cyclin D2 mRNA was accompanied by a significant increase in cyclin D2 protein. Interestingly, the two other D-cyclins, D1 and D3, were also increased at the protein level ([Fig. 5*D* and *F*](#F5){ref-type="fig"}). Although cyclin E1 mRNA was upregulated, no alteration in protein levels was observed in TG islets ([Fig. 5*C*](#F5){ref-type="fig"}, *D*, and *F*). On the other hand, cyclin A protein was significantly increased in TG islets ([Fig. 5*D* and *F*](#F5){ref-type="fig"}). No significant changes were found in cdk-2 and cdk-4 levels ([Fig. 5*D* and *F*](#F5){ref-type="fig"}). Analysis of cell-cycle inhibitors revealed that p21 was significantly decreased in TG islets ([Fig. 5*E*](#F5){ref-type="fig"} and *F*). No alterations were found in p16, p18, or p27 ([Fig. 5*E*](#F5){ref-type="fig"} and *F*). Taken together, these results indicate that PKC-ζ activation in β-cells of TG mice leads to upregulation of the G1/S cell cycle activators D-cyclins and cyclin A and downregulation of the cell-cycle inhibitor p21, likely driving the increased β-cell replication.

Phosphorylation of Thr residues in the COOH terminus of D-cyclins is a known signal for their degradation by an ubiquitin-dependent mechanism ([@B23]--[@B25]). Because cyclins D1 and D2 are the most highly expressed in mouse islets ([@B26]) and are upregulated in TG islets, we determined the levels of phospho--Thr286-cyclin D1 and phospho--Thr280-cyclin D2 in TG and WT islets. As shown in [Fig. 6*A*](#F6){ref-type="fig"} and *B*, phospho--Thr286 cyclin D1 and phospho--Thr280 cyclin D2 levels were significantly decreased in TG islets. Of note, it has been reported that antibodies against phospho--Thr286-cyclin D1 can recognize phospho--Thr280-cyclin D2; therefore, it is possible that the diminished phosphorylation observed in TG islets reflects only a decrease in Thr280 cyclin D2 and not in both D-cyclins ([@B24],[@B27]). Nevertheless, these studies suggest that PKC-ζ activation leads to decreased Thr phosphorylation in D-cyclins, potentially resulting in decreased degradation and enhanced accumulation in TG mouse islets.

![Phosphorylation/activation of cell-cycle molecules and signaling pathways in RIP-CA-PKC-ζ mouse islets. Western blot analysis of the expression levels of phospho--Thr286-cyclin D1 (*A*) and phospho--Thr280-cyclin D2 (*B*) in islets isolated from 12- to 14-week-old WT mice and TG littermates using tubulin as the internal housekeeping protein control. Quantification of the ratios of phospho--Thr286-cyclin D1/cyclin D1 and phospho--Thr280-cyclin D2/cyclin D2 shows significant changes in these phospho-proteins in TG mouse islets (*n* = 4) compared with WT mice (*n* = 4). Results are means ± SEM and \**P* \< 0.05 vs. WT. *C*: Representative Western blots of the expression levels of phospho-Ser473 and phospho--Thr308-Akt, phospho--Ser9-GSK-3β, phospho--Ser2448-mTOR, and phospho--Thr389-p70S6K in islets isolated from 12- to 14-week-old WT mice and TG littermates using Akt, mTOR, or tubulin as the internal housekeeping protein controls. *D*: Quantification of the ratios of these different phosphorylated forms of the signaling molecules mentioned in *C* shows significant changes in the phosphorylation of GSK-3β, mTOR, and p70S6K but not in Akt in TG (*n* = 7) compared with WT mouse islets (*n* = 7). The graph is depicted as fold-over control, with values from WT mouse islets taken as one. Results are means ± SEM. \**P* \< 0.05 vs. WT.](2546fig6){#F6}

GSK-3β and mTOR are phosphorylated in TG mouse islets. {#s20}
------------------------------------------------------

GSK-3β has been reported to phosphorylate D-cyclins on Thr residues facilitating nuclear exclusion and targeting for proteosomal degradation ([@B23]--[@B25]). Because D-cyclins were upregulated and their phosphorylation was downregulated in TG islets, we wondered whether GSK-3β inactivation (increased phosphorylation) was enhanced in these islets. As shown in [Fig. 6*C*](#F6){ref-type="fig"} and *D*, GSK-3β inactivation was significantly enhanced in TG islets. Furthermore, recent reports indicate that mTOR activation regulates cyclin D2 stability in β-cells ([@B28]). Because cyclin D2 is upregulated in TG islets and mTOR is a downstream target of PKC-ζ in follicular lymphoma cells ([@B12]), we wondered whether mTOR activation was increased in TG mouse islets. Indeed, phosphorylation of mTOR and its downstream target p70S6K was significantly increased in these islets ([Fig. 6*C*](#F6){ref-type="fig"} and *D*). Interestingly, Akt phosphorylation on Ser473 and Thr308 was not altered ([Fig. 6*C*](#F6){ref-type="fig"} and *D*), suggesting that GSK-3β inactivation and mTOR activation were not mediated by Akt. In addition, ERK1/2 phosphorylation and the levels of IRS2, p85-PI3K, ERK1/2, or PDK-1 were not altered in TG mouse islets (not shown).

Rapamycin treatment abolishes the increase in β-cell replication and size and the improvement in glucose tolerance induced by PKC-ζ. {#s21}
------------------------------------------------------------------------------------------------------------------------------------

We next analyzed whether mTOR activation is required for the proliferative effects of PKC-ζ in β-cells. As shown in [Fig. 7*A*](#F7){ref-type="fig"}--*C*, INS-1 cells transduced with Adv-CA-PKC-ζ displayed increased PKC-ζ activation, enhanced mTOR phosphorylation and activity, and increased cell replication. Interestingly, treatment with rapamycin completely inhibited the Adv-CA-PKC-ζ--mediated increase in INS-1 cell proliferation ([Fig. 7*C*](#F7){ref-type="fig"}). To address whether mTOR activation is essential for CA-PKC-ζ--mediated β-cell proliferation in vivo, we treated TG and WT mice with rapamycin for 14 days. As shown in [Fig. 7*D*](#F7){ref-type="fig"} and *E*, BrdU incorporation in β-cells was decreased in TG mice treated with rapamycin reaching levels similar to WT mice. In addition, β-cell size was significantly increased in TG mice, and this increase was abolished by rapamycin ([Fig. 7*F*](#F7){ref-type="fig"}). On the other hand, no significant changes in β-cell death were observed in these mice 2 weeks after the treatment ([Fig. 7*G*](#F7){ref-type="fig"}). Importantly, rapamycin also decreased β-cell mass in TG mice to levels similar to those seen in WT mice ([Fig. 7*H*](#F7){ref-type="fig"}), suggesting that the decrease in β-cell proliferation and size and a potential undetected increase in β-cell death induced by rapamycin counteract the effects of CA-PKC-ζ on β-cell expansion.

![Rapamycin inhibits the increase in β-cell proliferation and mass induced by CA-PKC-ζ. *A*: Representative Western blot of protein extracts from INS-1 cells transduced with 100 MOI of adenovirus containing CA-PKC-ζ or GFP cDNAs for 24 h showing that the increased expression and phosphorylation of PKC-ζ correlates with increased phosphorylation of mTOR and its downstream target, p70S6K. *B*: Densitometric quantification of the level of these proteins in four different experiments. Results are means ± SEM. \**P* \< 0.05 vs. GFP. *C*: Effect of 10 nmol/L rapamycin on CA-PKC-ζ--induced cell proliferation measured by \[^3^H\]thymidine incorporation in INS-1 cells transduced with the adenoviruses indicated in *A*. Values are means ± SE of four experiments in triplicate. \**P* \< 0.05 vs. GFP with no inhibitors; \#*P* \< 0.05 vs. CA-PKC-ζ with no inhibitors. *D*: Effect of 0.5 mg/kg body wt i.p. administration of rapamycin for 14 days on β-cell proliferation in TG mice and WT littermates measured by BrdU incorporation. Representative microphotographs of insulin (green)- and BrdU (red)-stained pancreatic sections from 12- to 14-week-old TG mice treated with rapamycin (right) or the same volume of vehicle (0.4% DMSO) (*left panel*). Quantification of β-cell proliferation (*E*), size (*F*), death (*G*), and mass (*H*) in 12- to 14-week-old mice injected with vehicle (WT = 7; TG = 7) or 0.5 mg/kg body wt rapamycin (WT = 7; TG = 9) for 14 days. Pancreatic sections were stained as indicated in [research design and methods]{.smallcaps}. β-Cell replication, size, and mass were significantly increased in TG mice compared with WT siblings injected with vehicle. The increases were blunted by the administration of rapamycin. Results are means ± SEM. \**P* \< 0.05 vs. WT vehicle; \#*P* \< 0.05 vs. TG vehicle. (A high-quality digital representation of this figure is available in the online issue.)](2546fig7){#F7}

As expected, rapamycin treatment blocked the upregulation of phospho--p70S6K in TG islets ([Fig. 8*A*](#F8){ref-type="fig"}). More importantly, rapamycin eliminated the upregulation of cyclins Ds and A in TG islets ([Fig. 8*A*](#F8){ref-type="fig"} and *B*). Collectively, these results show that mTOR activation is a critical downstream signal mediating PKC-ζ--driven β-cell proliferation and size and the upregulation of cell-cycle activators that increase β-cell mass ([Fig. 8*C*](#F8){ref-type="fig"}). In addition, rapamycin treatment eliminated the improved glucose tolerance in TG mice ([Fig. 8*D*](#F8){ref-type="fig"} and *E*), suggesting that the effects on glucose homeostasis were also mTOR dependent. TG and WT mice treated with vehicle or rapamycin for 2 weeks responded similarly in ITT experiments ([Fig. 8*F*](#F8){ref-type="fig"}), suggesting that although this dose of rapamycin blocks mTOR activity ([Fig. 8*A*](#F8){ref-type="fig"}), it does not grossly affect insulin sensitivity in these mice, as previously shown in studies using a similar dose of rapamycin ([@B29]).

![Rapamycin decreases the expression of cyclins D1, D2, D3, and A in RIP-CA-PKC-ζ islets. *A*: Representative Western blots of cyclins D1, D2, D3, and A, and phospho--Thr387-p70S6K in islets isolated from 12- to 14-week-old WT mice and TG littermates treated with vehicle (0.4% DMSO, control) or 0.5 mg/kg body wt rapamycin for 14 days using tubulin as the internal housekeeping protein control. *B*: Quantitation of the ratio of cyclins D1, D2, D3, and A to tubulin shows significant increases in these proteins in TG mouse islets (*n* = 5) compared with WT mice (*n* = 6) treated with vehicle. This increase was blunted in TG mouse islets (*n* = 5) compared with WT mice (*n* = 6) following administration of rapamycin. Results are means ± SEM. \**P* \< 0.05 vs. WT vehicle; \#*P* \< 0.05 vs. TG vehicle. *C*: Schematic representation of a model for the mitogenic signaling pathways induced by CA-PKC-ζ in the β-cell. Broken lines denote potential regulatory pathways. IPGTT (*D*) and areas under the curve (AUCs) (*E*) calculated from these results and insulin tolerance test (*F*) performed in nonfasting 12- to 14-week-old mice injected with vehicle (WT = 7; TG = 7) or 0.5 mg/kg body wt rapamycin (WT = 7; TG = 9) for 14 days. No significant differences were found in blood glucose levels before or after insulin administration in both types of mice. Values are means ± SEM. \**P* \< 0.05 vs. WT vehicle.](2546fig8){#F8}

DISCUSSION {#s22}
==========

This study provides the first direct evidence that PKC-ζ activation increases β-cell proliferation, size, and mass in vivo. These beneficial effects are accompanied by significantly improved glucose tolerance and enhanced insulin expression and secretion. Therefore, these observations identify the atypical PKC-ζ pathway as a therapeutic target for the treatment of diabetes.

The PKC-ζ--induced β-cell replication was associated with upregulation of D-cyclins and cyclin A and downregulation of the cyclin-dependent kinase inhibitor p21. It has been shown that cyclin D1 overexpression in rat and human islets in vitro and in the β-cell of TG mice in vivo increases β-cell proliferation and mass ([@B30]). Similarly, overexpression of either cyclin D2 or A also enhances β-cell proliferation in vitro ([@B31],[@B32]). Cyclin D2 is essential for postnatal β-cell growth and the compensatory β-cell hyperplastic response to insulin resistance in rodents ([@B26],[@B33]), and cyclin A is essential for exendin-4--mediated β-cell proliferation ([@B32]). Furthermore, p21-null islets display increased growth factor--induced β-cell replication ([@B34]). Collectively, these studies support the notion that the PKC-ζ--induced β-cell replication in vivo results from alterations in D-cyclin, cyclin A and p21 expression leading to the acceleration of the G1/S transition of the cell cycle.

Cyclins D1, D2, and D3 are targeted for proteosomal degradation by phosphorylation on Thr286, Thr280, and Thr283, respectively ([@B23]--[@B25]). Islets expressing CA-PKC-ζ displayed diminished phosphorylation of Thr residues at D-cyclins, suggesting that their increased expression could be due to diminished degradation by the ubiquitin/proteasome-dependent mechanism. In addition, phosphorylation of these Thr residues in D-cyclins redirect these proteins from the nucleus to the cytoplasm ([@B23],[@B27]), suggesting that islets expressing CA-PKC-ζ might have increased nuclear localization of cyclin Ds. GSK-3β is one of the kinases known to phosphorylate D-cyclins on these Thr and to regulate their degradation ([@B23]--[@B25]). PKC-ζ is a natural kinase of GSK-3 in *Xenopus* embryos and mammalian skeletal muscle cells, leading to its inactivation ([@B12],[@B35]). However, whether GSK-3 is downstream of PKC-ζ in β-cells is unknown. In this study, we find that PKC-ζ activation indeed results in increased GSK-3β phosphorylation/inactivation, which could explain the decreased phosphorylation and increased accumulation of D-cyclins. Whether this is the case for cyclin A warrants further studies, although to our knowledge the involvement of GSK-3 in cyclin A degradation has previously not been described. In addition, it has been reported that activation of PKC-ζ decreases p21 half-life in HeLa cells ([@B36]). Although the mechanism involved in this decrease is unclear, it could be mediated by phosphorylation at Ser146, which has been suggested to both increase its degradation and/or impair its nuclear translocation and action as a cdk inhibitor ([@B36],[@B37]).

mTOR plays a pivotal role in cell metabolism, growth, and proliferation ([@B38],[@B39]). mTOR nucleates two distinct multiprotein complexes: mTOR complex 1 (mTORC1) and 2 (mTORC2) ([@B40],[@B41]). mTORC1 is sensitive to rapamycin and is a major modulator of cell-cycle progression in β-cells by regulating the levels of D-cyclins ([@B28],[@B42]). Rapamycin has been shown to inhibit β-cell proliferation in vitro and in vivo and to downregulate growth factor--induced D-cyclin expression ([@B29],[@B42],[@B43]). In follicular lymphoma cells, PKC-ζ inhibition leads to decreased mTOR activity, suggesting that PKC-ζ regulates mTOR in these cells ([@B13]). The current study is the first to demonstrate that PKC-ζ activation in β-cells in vivo causes phosphorylation and activation of mTOR without increased phosphorylation/activation of Akt, a known activator of mTOR. This suggests that PKC-ζ can activate mTOR without stimulation of Akt and that mTORC1 but not mTORC2 (a kinase of Ser473 in Akt) is the complex activated by PKC-ζ. Indeed, in vivo rapamycin treatment eliminated the PKC-ζ--mediated mTOR activity (p70S6K phosphorylation) and, more importantly, the increase in β-cell proliferation, size, and mass; the upregulation of cyclins Ds and A; and the improved glucose tolerance---suggesting that mTORC1 activation is required for these PKC-ζ--induced effects. Although we did not observe an increase in β-cell death after 2 weeks of rapamycin treatment, a potential earlier undetected increase in β-cell death might contribute to the normalization of β-cell mass in TG mice. The analysis of PKC-ζ--mediated regulation of mTOR warrants further studies. It has been shown that GSK-3 can inhibit mTOR via phosphorylation of tuberin (Tsc2) ([@B44]). Tsc2 forms a complex with hamartin (Tsc1), and disruption of Tsc2 in β-cells increases β-cell proliferation and mass in an mTORC1-dependent manner ([@B19]). Therefore, inactivation of GSK-3β by PKC-ζ could be responsible for the enhancement of mTOR activity in TG islets.

One might predict that the increase in β-cell proliferation in TG mouse islets could lead to diminished β-cell differentiation and insulin secretion. On the other hand, in vitro studies suggest that PKC-ζ activation might be required for GSIS ([@B6],[@B7]) and that enhanced PKC-ζ activation could lead to increased insulin secretion. Our current studies find no negative functional impact of the proliferation state, given that TG mice displayed increased circulating insulin in fasting and nonfasting conditions and enhanced insulin secretion after a challenge with glucose. Furthermore, in vitro experiments confirmed that insulin secretion was enhanced in CA-PKC-ζ--expressing islets. In addition, CA-PKC-ζ expression in islets led to insulin mRNA and protein upregulation and enhanced glucokinase expression. It has been suggested that PKC-ζ may increase Pdx-1 DNA-binding activity and transcriptional activation of the insulin gene promoter in β-cells treated with stimulating concentrations of glucose ([@B5]). However, whether this is the case in TG mouse β-cells is unknown and warrants further studies. On the other hand, the increase in glucokinase expression in TG islets is not associated with increased mRNA, suggesting that posttranslational modifications induced by PKC-ζ might lead to glucokinase accumulation. Glucokinase is the rate-limiting enzyme for GSIS, and overexpression of glucokinase in β-cells leads to modest increases (30--60%) in insulin secretion at low and high glucose concentrations ([@B45]). Therefore, the increase in glucokinase and insulin content in TG islets could be responsible for the observed increase in insulin secretion. Taken together, these studies indicate a beneficial effect of PKC-ζ activation in β-cell function in vivo, highlighting the potential value of PKC-ζ activation in therapies not only oriented toward increasing β-cell regeneration but also toward enhancing insulin secretion.

Recent studies on ROSA26 reporter mice indicate that transgene expression is present in the brain of TG mice generated with RIP-II ([@B46]). In our study, phospho--PKC-ζ levels in brain protein extracts from TG and WT mice were not significantly different by immunoblot. However, this method is probably not sensitive enough to detect mild transgene expression in regions of the brain; therefore, it is very likely that expression in the brain could also be present in these TG mice. The impact of this potential nontargeted expression of the transgene in the phenotype of the TG mice is unknown. However, we have observed that CA-PKC-ζ overexpression leads to enhanced β-cell proliferation in INS-1 cells, mouse, and human islets in vitro ([@B3]), an aspect also seen in TG mice. In addition, we have found that the increase in proliferation is mediated by mTOR in vitro---an aspect also observed in vivo, where rapamycin blocks the increase in β-cell proliferation and mass in TG mice. In addition, insulin secretion in isolated TG islets ex vivo, outside of the influence of the nervous system, is enhanced, suggesting that PKC-ζ activation in β-cells can increase insulin secretion and improve glucose tolerance. Importantly, body weight, food intake, and insulin sensitivity tests were very similar between WT and TG mice. Taken together, these findings strongly suggest a cell-autonomous effect of PKC-ζ activation on β-cell function and proliferation.

In summary, this study provides novel evidence of the beneficial effects of PKC-ζ activation in β-cell proliferation, mass, and function in vivo. Elimination of these effects by rapamycin demonstrates that mTOR is a novel and important downstream mediator of PKC-ζ actions in the β-cell. In addition, acute activation of PKC-ζ also increases proliferation of β-cells from older mice. Collectively, these studies suggest a promising therapeutic future for this pathway in the treatment of diabetes.

This article contains Supplementary Data online at <http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db10-1783/-/DC1>.
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